Introduction
Liposomes are tunable biomimetic models whose content and surface properties can be altered readily. Their versatile nature enables them to be used in drug encapsulation and their surface modification serves different purposes such as target delivery, longcirculating vehicles and transfection vectors. They are also used in more fundamental membrane transport studies. We are interested in synthesizing redox active liposomes in order to study long term liquid-membrane interfacial reactions. The redox active units can be encapsulated within the internal void, be imbedded in the membrane or be bound to either the phospholipid headgroup or tail of the liposome. Liposomes bearing encapsulated and imbedded redox units have been the focus of other work (1) (2) (3) . The nature of the redox units used varies and includes among others ruthenium tris-bipyridyl complexes, N- (10,12-pentacosadiynoic) -acetylferrocene molecules, ferredoxin analogues, nitro-2,1,3-benzoxadiazol-4-yl units and bis(11-ferrocenylundecyl)dimethylammonium bromide (1) (2) (3) (4) (5) . Liposomes bearing surface bound units are also well-known and include fluorescent tags (quantum dots, 6-carboxyfluorescein, rhodamine 101, perylene tethers (6) (7) (8) (9) ) and carbohydrates units (10) . However, few reports are related to the study of liposomes bearing surface bound redox active units. Up to now, the studies have been restricted to the surface functionalization of liposomes with quinones (11) (12) (13) (14) . Quinonefunctionalized liposomes would be good candidates to study surface reactions if not for the fact that quinones self-oxidize with time, leading to liposome degradation. This characteristic is desirable when studying the release of electroactive, medical or biological material. For our purposes, long-term stability of the liposomes is required. As such, we have elected to modify a phospholipid headgroup with a different electroactive tether (hydromethylferrocene) using a phospholipase D-catalyzed transphosphatidylation reaction.
Phospholipase D (PLD, EC 3.1.4.4) has been used as a synthesis catalyst as a result of a growing interest for natural phospholipids in the industrial and biomedical fields (15) . For example, Wang et al. have conducted a comprehensive study on the modification of an L-α-phosphatidylcholine with different organic primary alcohols and were able to study the chemoselectivity, regioselectivity and stereoselectivity of PLD (10) . To capitalize on the highly selective nature of PLD towards primary alcohols, hydroxymethylferrocene, also known as ferrocenemethanol (FcMeOH), was first used as a potential electroactive tether. FcMeOH is a redox-active organometallic molecule whose electrochemical properties are well known and that had been previously used to produce redox-active dendrimers, e.g. ferrocenyl-functionalized poly(propylenimine) (PPI) dendrimers (16) . Herein, we describe a first method to synthesize a ferrocenylfunctionalized phospholipid, DSP-OMeFc, by the PLD-catalyzed transphosphatidylation reaction.
Experimental Section

Materials
Tris-acetate salt (reagent grade), sodium dodecyl sulfate (SDS, 99+ % ACS reagent), 2-(N-morpholino)ethanesulfonic acid (MES, low moisture content, ≥ 99 %), o-phenylenediamine (OPD, 99.5 %), hydroxymethylferrocene (FcMeOH, 97 %), L-α-phosphatidylcholine (PC, from egg yolk, type XI-E, minimum 60 % TLC), phospholipase D (PLD, type II, ≥ 60 U/mg protein, E.C. 3.1.4.4) from Arachis hypogaea (peanut), choline oxidase (E.C. 1.1.3.17) from Alcaligenes sp. and peroxidase (type I, E.C. 1.11.1.7) from horseradish were purchased and used as received from Sigma-Aldrich. Triton X-100 was purchased from EMD. Tris-HCl (BioUltraPure reagent, > 99.0 %) was purchased from BioShop while calcium chloride (CaCl 2 , ACS reagent), sodium acetate (NaOAc, ACS reagent) and ethylenediaminetetraacetic acid (EDTA, ACS reagent) were purchase from Anachemia. 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, 20 mg/mL in chloroform solution) was purchased from Avanti Polar Lipid Inc. Finally, all reaction solvents were of ACS grade or better.
Methods
Phospholipase D Activation. Lyophilized PLD powder was activated in two ways. The first procedure consisted in dissolving 2526 units of PLD in 2526 µL of 100 mM NaOAc solution (1 U/µL). DMSO was added to a final concentration of 10 % v/v and served the purpose of cryogenic agent. From this stock solution, aliquots containing 100 units of active PLD in a final 100 µL volume were prepared. The aliquots were frozen in liquid nitrogen and stored at -80 o C. In the second PLD activation procedure, 1000 units of PLD were dissolved in 1 mL of 0.4 M Tris-acetate buffer pH 6.0. This solution was freshly prepared before each synthesis. Finally, PLD aliquots used in the enzymatic activity assays were prepared from a stock solution of 1 U/mL dissolved in nanopure water (Milli-Q Biocel, Milipore).
Phospholipase D Enzymatic Activity Assay. Experimental conditions greatly affect PLD enzymatic activity and several techniques have been developed to monitor its activity. These methods include titration techniques based on pH changes related to the formation of phosphatidic acid, nuclear magnetic resonance measurements that monitor phospholipids structure variations and chromatography coupled with radioactivity assays (17) . An important limitation of these methods, which impairs their widespread use, is their lack of adaptability for high throughput analyses (17, 18) . Spectroscopic methods are readily adaptable for high throughput applications and have several advantages that include sampling a wide linear domain of PLD concentrations. In the present microtitration method, PLD concentrations ranging from 0 to 0.3 U/mL are accessible (18) .
Briefly, Figure 1 presents the reaction scheme of the PLD enzymatic assay that is based on the colorimetric determination of choline, 3, using a choline oxidase/horseradish peroxidase reaction. Oxidation of compound 3 by choline oxidase produces stochiometric amounts of betain (a quaternary ammonium compound, 4) and hydrogen peroxide (Rx. 2). The latter, in presence of peroxidase, catalyzes the oxidation of OPD, 5, which becomes colored (Rx. 3). This reaction product, 6, is detected by UV-vis analysis at 490 nm using a microplate reader Tecan Infinite M200 (ESBS Scientific, Canada) and its concentration is directly related to the enzyme activity and thus to the PLD active concentration (Rx. 1). For a given PLD concentration, only a fraction of it is considered active and this is what is meant by the term «active concentration». The determination of PLD enzymatic activity followed a reported protocol (18) that was modified to account for aliquot preparation from a commercially available PLD strain instead of PLD obtained from natural extracts.
Redox Phospholipid Syntheses. The redox phospholipid syntheses were developed based on the work of Wang et al. (10) and Dong and Su-jia (19) . Monophasic transphosphatidylation reactions, syntheses A and B, were performed in a non-aqueous environment where 7.9 µmole of DSPC and 47.5 µmole of FcMeOH are dissolved in 5 mL of anhydrous chloroform. Consistent with literature (10), a 1:6 lipid to alcohol ratio was maintained. Reaction conditions differ for synthesis A and B. In synthesis A, 50 units of PLD (activated using the first procedure and then lyophilized (20) ) were added to the reaction mixture that was kept under agitation at 38 o C for 48 hours. In synthesis B, 100 units of PLD were used while reducing the reaction time to 4 hours.
Biphasic transphosphatidylation syntheses A' and B' were carried out in a biphasic media where a 1:8 aqueous to organic phase ratio was maintained. In the case of syntheses A' and B', the reaction conditions are similar to those of syntheses A and B respectively with the exception that the PLD dissolution was carried out in the aqueous phase.
Finally, the optimized biphasic synthesis C' was prepared by mixing 20 mM of DSPC and 6.67 mM of FcMeOH (3:1 lipid to alcohol ratio) in 3 mL of ethyl ether. Since DSPC was already dissolved in chloroform, the latter was evaporated under argon before adding it to ethyl ether. 1000 units of PLD (activated using the second procedure) were added to the ether phase. Here, the PLD solution acts as the aqueous phase with an aqueous organic phase ratio of 1:3. All was kept under agitation for more than 5 days at 38 o C.
Product Characterization. Prior to purification, the crude sample was characterized by mass spectrometry (MS) and nuclear magnetic resonance of the phosphorus ( 31 P NMR). For the MS analyses, the sample was dissolved in methanol and directly injected into the ionizer (Waters Micromass ZQ, positive electrospray ionization (ESI)). NMR experiments were carried out at 298 K on a Varian Inova 600 MHz spectrometer equipped with a double resonance probe operating at 242.86 MHz for 31 P. The spectra were recorded using single 90 degrees pulses and 1 H continuous wave decoupling during the acquisition. A total of 32 scans with a recycle delay of 3 seconds were accumulated. All samples were dissolved in a CDCl 3 :CD 2 OD 2:1 (v/v) mixture (21) .
Results and Discussion
Herein, we describe a means by which lipid functionalization can be achieved using a PLD-catalyzed transesterification reaction. Figure 2 presents the headgroup modification of DSPC, 7, with the primary alcohol FcMeOH, 8, through a PLD-catalyzed transphosphatidylation reaction that yieldsthe desired redox active phospholipid, 9, phosphatidic acid, a byproduct, 10, and choline, 3. , 19 (33) 1-10 (2009) Phospholipase D is an enzyme that catalyzes the hydrolysis of the phosphodiester bonds of glycerophospholipids. In presence of a primary alcohol, PLD catalyzes the transesterification reaction, also known as transphosphatidylation. This reaction, which is specific to choline bearing molecules, consists in substituting the phosphatidyl group of a phosphatidylcholine by a primary alcohol (10, 15, 19, 22, 23) . Here, DSPC, 7, was chosen as the modifiable lipid because its behavior in model membranes has been extensively studied as it can readily be applied to classical liposome assembly protocols, such as the double emulsion method, and it is a cell membrane constituent. The choice of primary alcohol, FcMeOH, 8, as the electroactive tether, was motivated by the fact that it is commercially available and is a well behaved reversible redox mediator. A cyclic voltammogram (Figure 3 ) recorded at a 25 µm diameter Pt microelectrode presents the classical sigmoidal shape characteristic of microelectrodes where the steady state current, i ss , is directly related to the bulk concentration of FcMeOH in solution. Finally, the use of FcMeOH in the fabrication of ferrocenyl-functionalized poly(propylenimine) (PPI) dendrimers (16) was also an encouraging parallel study that suggested that FcMeOH might be amenable to surface functionalization of liposomes. In enzymatic-assisted synthesis, it is important to control the parameters related to the enzyme activity, such as the enzyme strain, environment and reaction temperature. There are several PLD strains, but PLD from Streptomyces sp., Arachis hypogaea (peanut) or cabbage are the most commonly used for transphosphatidylation reaction. Here, PLD from Arachis hypogaea (peanut) was chosen because it is accessible commercially and its properties are well known (24) (25) (26) (27) .
Phospholipase D Enzymatic Activity Determination
PLD activity is strongly dependent on storage conditions and preparation practices (Figure 4) . Under optimal conditions (pH 6, freshly activated PLD), the measured absorbances (λ = 490 nm) of 0.3, 0.2 and 0.1 U/mL aliquots were 0.94, 0.61 and 0.46 respectively. These values are higher than those presented in the literature for the same i ss , 19 (33) 1-10 (2009) concentrations of PLD (18) . PLD strain and its source (commercial vs. natural extracts) may explain the fact that the absorbance values presented here exhibit a six fold increase.
ECS Transactions
PLD aliquot storage is an important experimental parameter that should be controlled during enzyme-assisted synthesis to ensure enzyme stability and retain activity. Enzyme storage of PLD aliquots at -80 o C for a week results in a general loss of activity. As presented in Figure 4 , for identical PLD concentrations, the absorbance values of stored PLD aliquots were 0.49, 0.30 and 0.21 respectively. This two fold decrease in enzyme activity as compared to that obtained with fresh aliquots can be explained by partial enzyme denaturation due to exposure to a storage temperature that potentially exceeds the cold denaturing temperature of PLD (28) .
Enzyme preparation is also critical in terms of pH to retain activity. PLD activity is optimal in a slightly acidic environment, e.g. at pH 5-6 (29) . In a more basic environment, pH 8, the corresponding PLD activity absorbance values present a two fold decrease in intensity similar to that observed when studying the effect of storage. Successful optimization of the transphosphatidylation reaction therefore requires the use of fresh PLD aliquots that have been activated using the second activation procedure described above. 
Synthetic Approaches to Redox Phospholipids
To proceed with the synthesis of 9, the reaction conditions described in Table 1 were used. Transphosphatidylation reactions can be performed in either a monophasic or biphasic system (10, 19, 22) . Monophasic transphosphatidylation reactions involve the use of a single organic phase that prevents the formation the phosphatidic acid byproduct, 10, and therefore should provide higher yields of 9. Unfortunately, monophasic reactions ECS Transactions, 19 (33) 1-10 (2009) subject the enzyme to an uncontrolled pH environment that seriously reduces its activity. In the characterization of both developed monophasic syntheses (A and B), only the starting reagents, 7 and 8, were observed. Further attempts to activate PLD using a 100 mM NaOAc solution and subsequent lyophilization did not improve the outcome of the monophasic syntheses (10, 20) . In the biphasic system, the transphosphatidylation reaction occurs at the interface of the aqueous and organic phase ( Figure 5A ). As such, three syntheses were developed (A', B' and C'). Given the hydrophilic nature of the phospholipid headgroup, it is expected that its modification would mainly occur in the aqueous phase. Hence, the enzyme and primary alcohol must have an appreciable solubility in the aqueous phase to ensure efficient synthesis of product 9. Synthesis A' and B' were developed on the basis of successful reports that used carbohydrates containing primary alcohols (10, 19) . In these syntheses, a lipid to alcohol ratio of 1:6 was used in a total reaction volume that did not exceed 5.6 mL but did not produce appreciable yields of 9. Only the reagents 7 and 8 were observe by the MS analyses. Synthesis C' was however successful in forming redox phospholipids. In the present reaction system, FcMeOH, 8, is an organometallic primary alcohol that has a maximum solubility in aqueous solutions on the order of 1mM. In the biphasic system, a considerable fraction of the primary alcohol is extracted in the organic phase. As such, optimization of the resulting transphosphatidylation reaction implied (i) increasing the relative distribution of FcMeOH in the aqueous phase and (ii) increasing the number of available reaction sites. This was accomplished in reaction C' by changing the solvent environment from chloroform to ethyl ether, reducing the aqueous to organic phase ratio from 1:8 to 1:3, increasing the lipid to alcohol ratio from 1:6 to 3:1 and increasing PLD concentration ( Figure 5B ). Changing solvent environment was advantageous because both DSPC and FcMeOH have reduced solubility in (CH 3 CH 2 ) 2 O. This change is consistent with previous reports that demonstrated a two fold increase in reaction yields upon a similar solvent substitution (19) . Reduction of the aqueous to organic phase ratio increased the extraction power of the aqueous phase towards 8. Increasing the lipid to alcohol ratio increased the number of interfacial phospholipid headgroups available for transphosphatidylation while increasing PLD concentrations ensures a fast turn over rate of the interfacial reaction. The formation of the redox phospholipid, 9, was observed by MS and 31 P NMR.
Product Characterization
The 31 P NMR analyses also confirmed successful synthesis of 9. In Figure 6A , the DSPC signal is observed at chemical shift 22.1 ppm. Following enzyme-assisted synthesis, a slight downfield shift of the DSPC chemical shift to 23.8 ppm is observed ( Figures 6B  and C) . In Figure 6B , the upfield signal observed at chemical shift 0.25 ppm is assigned to the redox phospholipid. This peak cannot be assigned to the phosphatidic acid byproduct since, according to literature, its chemical shift is 2.39 ppm (21) .
Finally, it is important to note that product 9 displays an instability that results in a loss of 31 P NMR signal with time ( Figure 6C ). This instability could be related to the benzylic nature of compound 9 that increases the leaving group capabilities of the redox phospholipid headgroup. The consistent presence of water and choline in the reaction mixture can lead to a cleavage of the P-O and/or O-CH 2 bonds through hydrolysis or S N 2 reaction. Current efforts are presently underway to improve the overall stability of the redox lipids by using aliphatic primary alcohols. 
Conclusions
In this work, the biphasic transphosphatidylation reaction was successfully used to modify the headgroup of a phospholipid with an organometallic electroactive tether. The transphosphatidylation reaction catalyzed by phospholipase D is specific to lipid bearing a choline function and primary alcohols. Thus, the phosphorus headgroup of DSPC was modified with the redox agent and primary alcohol, FcMeOH. The resulting redox DSPC, DSP-OMeFc, was obtained and characterized by MS and 31 P NMR. The product instabilities observed are thought to be related to the benzylic character of the product. It is suggested that the presence of choline and water in the reaction mixture favors undesired hydrolysis or S N 2 thus cleaving the P-O and O-CH 2 bonds. By changing the nature of the primary alcohol and the experimental conditions, it should be possible to obtain a stable aliphatic redox modified DSPC that would be applicable to the formation of redox liposomes. These can in turn serve as biomimetic models to study surface reaction at membranes.
